Iron-platinum-arsenide superconductors Caio(Pt„As8)(Fe2- x PtxAs2)5 
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Abstract 

An overview of the crystal structures and physical properties of the recently discovered iron-platinum-arsenide super- 
conductors, Caio(Pt„Asg)(Fe2- x Pt v As2)5 (n = 3 and 4), which have a superconducting transition temperature up to 38 
K, is provided. The crystal structure consists of superconducting Fe2As2 layers alternating with platinum-arsenic lay- 
ers, Pt n Asg. The upper critical field H c i, hydrostatic pressure dependence of superconducting transition temperature 
T c , and normal-state magnetic susceptibility are reported. 

Keywords: A. Iron-based superconductors, E. Transport, E. High pressure 



1. Introduction 

The discovery of superconductivity at a super- 
conducting transition temperature T c of 26 K in 
LaFeAsO i_ v F A has triggered an intensive exploration 
of novel iron-based superconductors fll]. To date, a 
number of iron-based superconductors have been iden- 
tified 12]. Their crystal structure consists of alter- 
nately stacked two-dimensional Fe2As2 layers, in which 
high-T c superconductivity emerges, and spacer lay- 
ers. These superconducting materials can be classi- 
fied into three groups in terms of spacer layers, as vi- 
sually summarized in Fig. 1. The first group of ma- 
terials consists of LiFeAs Ofl and BaFe2As2 J4J], in 
which the spacer layers comprise alkali ions or alkaline- 
earth ions. The second group consists of LaFeAsO 
111] and CaFeAsF |5J], in which the spacer layers are 
composed of slabs of rare-earth oxides or alkaline- 
earth fluorides with a fluorite-type structure. The third 
group consists of the materials in which the spacer 
layers are composed of complex metal oxides i.e., 
Sr 3 Sc 2 5 Fe2As2 and Sr 4 (Sc,Ti)30 8 Fe2As2 0] with 
perovskite-type spacer layers and Sr4V206Fe2As2 |8] 
and Ca4(Al,Ti)206Fe2As2 |9l 1 10TI with a combination 
of perovskite-type and rocksalt-type spacer la yers and 
their homologous series compounds 07i llUll2ill3ill4ll . 



'Corresponding author. Tel.: +81-86-251-7828; fax: +81-86-251- 
7830. E-mail address: nohara@science.okayama-u.ac.jp 



All of these spacer layers are electrically inert be- 
cause of their strong ionic chemical bonds; thus, no 
atomic orbitals of the spacer layers mix with the Fe 3d 
orbitals of the superconducting Fe2As2 layers. Conse- 
quently the primary role of the spacer layers is to sep- 
arate the Fe2As2 layers in order to realize nearly two- 
dimensional electronic band structures originating from 
the square lattice of iron (Fe). The parent materials ex- 
hibit antiferromagnetic (AFM) ordering at low temper- 
atures because of the characteristic nesting between the 
hole Fermi surfaces centered at the F point and the elec- 
tron Fermi surfaces centered at the M point |]2j. The 
spacer layers, in a secondary role, supply charge carri- 
ers to the Fe2As2 layers to suppress the AFM ordering 
and drive the system into a superconducting state. This 
can be best achieved by partial chemical substitutions 
for the constituent elements of the spacer layers. For 
instance, LaFeAsO i_. v F v exhibits superconductivity at 
26 K by partial substitution of F~ for 2 ~ to introduce 
electron carriers [1]. Bai_ A K A Fe2As2 exhibits supercon- 
ductivity at 38 K by partial chemical substitutions of 
K + for Ba 2+ to introduce hole carriers [4]. Third, the 
spacer layers act to tune the superconducting Fe2As2 
layers to optimize superconductivity. The most remark- 
able example is the increase in T c by replacing La with 
smaller rare-earth ions. The highest T c value of 56 K is 
achieved in Th-substituted GdFeAsO [15]. The replace- 
ment of La by the smaller Gd in the spacer layers leads 
to the modification of the bond angle; superconductivity 
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Figure 1: Crystal structures of various iron-based superconductors categorized by the structure type of spacer layers: (a) LiFeAs, (b) BaFe2As2, 
(c) LaFeAsO and CaFeAsF, (d) Sr 4 V20 6 Fe2As2, (e) Sr 3 Sc20 5 Fe2As2, and (f) Sr 4 (Sc,Ti) 3 8 Fe2As2. 



is thought to be optimized when the As-Fe-As bond an- 
gle is close to that of the regular tetrahedron [16]. Thus, 
the central issues for realizing higher T c are to find novel 
spacer layers and to engineer them to tune Fe2As2 lay- 
ers, which exhibit high-P f superconductivity. 

Recently, we discovered novel iron-based supercon- 
ductors Caio(Pt„As8)(Fe2- A -Pt A As2)5 with n — 4 (re- 
ferred to as a-phase) and n — 3 (referred to as /?-phase) 
I17I1 . These materials can be characterized by their 
unique spacer layers, namely platinum-arsenide Pf„Asg, 
which has not been observed in previous iron-based su- 
perconductors. Both compounds crystallize in triclinic 
structures (space group PI), in which Fe2As2 layers al- 
ternate with Pt„As8 spacer layers, as shown in Fig. 2. 
Superconductivity with a transition temperature of up 
to T c - 38 K is observed in the a-phase (n - 4), while 
the/3-phase (n - 3) exhibits superconductivity at 13 K 

ET " 



Two other groups have almost simultaneously 
reported similar results, motivated by our previ- 
ous results II 1811 . Ni et al. identified two 
phases Caio(Pt4Asg)(Fe2As2)5 (space group PA[n) and 
Caio(Pt3As8)(Fe2- A -PtiAs2)5 (space group PI) with T c 
— 25 K and UK, respectively [19]. Lohnert et al. 
identified three phases (CaFei_ A Pt A As)ioPt3As8 (space 



group PI), a-(CaFei_ A Pt A As)ioPt4_ v As8 (space group 
PA- /n), and /?-(CaFei_ A -Pt A As)ioPt4_ v As8 (space group 
PI), in which T c of up to 35 K was observed fl2Qfl . 
Details of the crystal structures are different; the re- 
lation between the chemical composition and the su- 
perconducting properties of the materials has not been 
completely determined thus far. It is noteworthy that 
superconductivity is present in the n — 4 member of 
Caio(Pt n As 8 )(Fe2-.vPt, As 2 ) 5 at up to 38 K. 

The objective of this study is twofold. First, 
we provide an overview of the crystal structure 
of the novel iron-platinum arsenide superconductors 
Caio(Pt„As8)(Fe2- A Pt A As2)5. Secondly, we present the 
latest experimental results including the upper critical 
field H C 2, hydrostatic -pressure effect on T c , and mag- 
netic susceptibility in the normal state; these results 
have not been provided in our previous report []17 1 . 



2. Experimental 

Single crystals of Caio(Pt„As8)(Fe2- A -Pt A As2)5 were 
grown as described in Ref. 01711 . Crystals as large as 
lxlxO.l mm 3 were obtained. Details of the struc- 
tural analysis are provided in Ref. [17]. Resistivity in a 
magnetic field was measured using a Physical Property 



(a) 





Figure 2: Crystal structures of (a) Caio(Pt4As8)(Fe2- v Pt v As2)5 (a-phase) and (b) Caio(Pt3As8)(Fe2- v Pt v As2)5 (yS-phase) 11711 . Thin solid lines 
represent unit cells. Two unit cells are shown for the ff-phase along the c axis, while one unit cell is shown for the /S-phase. Thick solid lines 
represent Pt-As bonds between the Fe2As2 layers and Pt„Ass layers. 



Measurement System (Quantum Design). Magnetiza- 
tion of powder samples was measured using a SQUID 
magnetometer (Quantum Design). Resistivity measure- 
ments under hydrostatic pressure were performed using 
an indenter cell [21]. 



3. Crystal Structure 

We identified two structural phases as depicted 
in Fig. 2: Caio(Pt4As8)(Fe2- x Pt v As2)5 (c-phase) and 
Caio(Pt 3 As 8 )(Fe2-. t Pt. t As2)5 (y6-phase) 111 . The corre- 
sponding crystallographic data are summarized in Table 
1 . Both phases crystallize in triclinic structures (space 
group PI). The structures consist of alternately stacked 
(Fe2As2)5 and Pt„Ass layers (n — 4 for the cr-phase and 
n — 3 for the j0-phase) with five Ca ions between them. 
The platinum-arsenide layers are characterized by a dis- 
torted square lattice of corner-sharing PtAs4 squares, as 
shown in Fig. 3. Rotations of the PtAs 4 squares re- 
sult in the formation of As 2 dimers. Such As2 dimers 
are observed in PtAs2 with a cubic pyrite-type struc- 
ture (space group Pa3); the Pt 4 As8 layers can be derived 
from the slab of the ab-plane of pyrite PtAs2, as shown 
in Fig. 3(a). 

The formal electron counts of As2 dimers and iso- 
lated As are [As2] 4 ~ and As 3 ~, respectively. All the 
As atoms form dimers in the Pt„Ass layers and all the 
As atoms are isolated in the Fe2As2 layers. Thus, ac- 
cording to the charge balance, we estimate a formal 
electron count to be Fe 2+ and Pt 2+ for the /J-phase, 
Cai (Pt 3 As 8 )(Fe2- A Pt x As2)5, when x = 0.0. Thus, 
Caio(Pt3As8)(Fe2As2)5 can be viewed as the parent 



compound. Thus far, compounds with x - 0.0 have not 
been obtained; however, Caio(Pt3Asg)(Fe2- x Pt v As2)5 
has a Pt content of x - 0.16. Partial substitution of 
Pt for Fe in the Fe2As2 layers leads to electron dop- 
ing, thereby causing an under-doped regime in the /?- 
phase with x - 0.16, as confirmed by Hall measure- 
ments 11711 . Further electron doping is realized for the 
a-phase, Caio(Pt4As8)(Fe2-. v Pt r As2)5, owing to an in- 
crease in the Pt content in the Pt4Asg layers together 
with an increase in the Pt content x (=* 0.36) in the 
Fe2As2 layers, as indicated by Hall measurements ill 711 . 

The size of the Pt square lattice (with a Pt-Pt dis- 
tance of approximately 4.4 A) is by far larger than the 
size of the Fe2As2 square lattice (approximately 3.9 A 
for CaFe2As2). This lattice mismatch leads to a struc- 
tural distortion in the Fe2As2 layers so that the As-Fe- 
As bond angle approaches the ideal value, 109.47°. For 
the a-phase, in which superconductivity was observed 
at temperatures up to 38 K, the As-Fe-As bond angle 
a lies between 109.08° and 109.55°, depending on the 
five Fe sites. In contrast, for the yS-phase with lower 
T c , the FeAs4 tetrahedra are distorted from the regular 
tetrahedron structure; As-Fe-As bond angle a lies be- 
tween 106.92° and 110.09°, depending on the ten Fe 
sites. This observation is in accordance with the fact 
that the maximum value of T c is higher when the bond 
angle of As-Fe-As is closer to the ideal value of 109.47° 

The Pt„As8 layers are not flat; however part of Pt ions 
are located at off-centered sites. A Pt ion that is located 
at such a site forms a chemical bond with the As ion 
at the adjacent Fe2As2 layers, as indicated by the thick 
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Figure 3: Crystal structures of Pt„Ass layers, (a) Crystal structure of 
PtAs2 showing a cubic pyrite-type structure (space group Pa3). The 
structure consists of a three-dimensional network of corner-sharing 
PtAsg octahedra that form As? dimers. A slab of Pt4As8 layer can be 
derived from the ab-plane of the pyrite structure, (b) Details of the 
Pt4As8 layer, (c) Details of the PtjAss layer. The dashed ellipsoids 
represent Ast dimers. 
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solid lines in Figs. 2(a) and 2(b). The Pt-As bonds per- 
pendicular to the ab-plane are reminiscent of the chem- 
ical bonds of SrPt2As2 with a CaBe2Ge2-type structure, 
in which a three-dimensional Pt-As network is formed 
IJ22I1 . Interestingly, SrPt2As2 exhibits superconductiv- 
ity at 5.2 K 12211 . Thus, it is speculated that the Pt„Ass 
layers are conducting and that the Pt 5d orbital may con- 
tribute to superconductivity in the present compounds. 
Band calculations suggest small but finite Pt contribu- 
tions to the density of state at the Fermi level Il20i 12311 . 



Table 1: Crystallographic data of Caio(PttAss)(Fe2--^Pt^As2)5 with 
x a 0.36 (a-phase) and Caio(Pt3As 8 )(Fe2-xPtxAs 2 )5 with x a 0.16 



Q3-phase) 1 17], 



label 


a-phase 


/3-phase 


space group 


PI 


PI 


a (A) 


8.719(1) 


8.795(3) 


b(A) 


8.727(1) 


8.789(3) 


c(A) 


11.161(1) 


21.008(7) 


aC) 


99.04(2) 


94.82(8) 


PC) 


108.21(2) 


99.62(9) 


r(°) 


90.0(2) 


89.99(3) 


Pt content x 


0.36(4) 


0.16(1) 



Figure 4: Temperature dependence of in-plane resistivity p a t in mag- 
netic fields H _L ab up to 9 T for (a) a-phase and for (b) /3-phase 
of Caio(Pt„As8)(Fe2- v Pt v As2)5. The inset shows the temperature de- 
pendence of the upper critical field H c i perpendicular to the afo-plane. 



4. Upper Critical Field 

Electrical resistivity of Caio(Pt4Asg)(Fe2-. v Pt A: As2)5 
(a-phase) and Caio(Pt3As8)(Fe2_ x Pt^As2)5 (/8-phase) is 
shown in Figs. 4(a) and 4(b), respectively. The resis- 
tivity of the a-phase exhibits metallic behavior over a 
wide temperature range I'll 711 . The resistivity starts to 
decrease at approximately 37 K. The 10-90% transition 
width is approximately 1 .7 K, and the onset temperature 
determined from the 10% rule is 34.6 K. Zero resistivity 
is observed at 32.7 K. In contrast, the resistivity of the 
j6-phase shows semiconducting behavior below approx- 
imately 1 10 K 1 17]. The resistive transition is consider- 
ably broad. Zero resistivity is observed at 13.7 K. 

Figure 4 also shows the temperature dependence of 
in-plane resistivity p a t, at various magnetic fields ap- 
plied perpendicular to the ab-plane. With increasing 
field, T c decreases and the transition width is broadened. 
The inset of Fig. 4(a) shows the plot the upper critical 
field H C 2 perpendicular to the ab-plane determined by 
the midpoint of the resistive transition as a function of 
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Figure 5: (a) Temperature dependence of in-plane resistiv- 

ity Pab at hydrostatic pressures up to 4.01 GPa for or-phase of 
Caio(Pt„As8)(Fe2-vPtvAs2)5. (b) Superconducting transition temper- 
ature T c under high pressure. The solid line is guide for eyes. 
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Figure 6: Temperature dependence of magnetization divided by 
H, M/H, in a magnetic field of 1 T for a powder sample of 
Caio(Pt„Ass)(Fe2-. v Pt. v As2)5 with n = 4 (a-phase) and n = 3 (fi- 
phase). The broken lines are guides for eyes. The allow indicates 
the temperature at magnetic anomaly. 



temperature. The slopes of H C 2 at T c are -1.6 T/K and 
-2.3 T/K for the a- and /3-phases, respectively. From 
the Werthamer-Helfand-Hohenberg theory 02411 . which 
describes the orbital depairing field of conventional 
dirty type-II superconductors, we estimate the values of 
H c2 (0) = -0.69T c dH c2 /dT\ T=Tc ~ 35 T and ~ 22 T for 
the a- and/3-phases, respectively. These values are com- 
parable to those of electron-doped Ba(Fei_ Jt Co A -)2As2 
B25I1 . In contrast, the transition width in magnetic field 
is broader in the present compounds, suggesting that 
the electronic states are more two dimensional in the 
present compounds than that in Ba(Fei_ A Co v )2As2. 



5. Effects of Hydrostatic Pressure on T c 

The temperature dependence of the in-plane electrical 
resistivity of the a-phase Caio(Pt4Asg)(Fe2-. l Pt x As2)5 
for pressures up to 4 GPa is shown in Fig. 5(a). This 
specimen exhibits a lower T c value than that used for the 
resistivity measurements in magnetic fields (in Fig. 4). 



No broadening of the transitions is observed with in- 
creasing pressure, thereby implying that sample inho- 
mogeneities are sufficiently small. The pressure depen- 
dence of T c obtained from the midpoint of resistive tran- 
sition is shown in Fig. 5(b). The T c value decreases with 
an initial slope of approximately - 0.9 K/GPa. T c de- 
creases rapidly at higher pressures. 

The small initial slope dT c /dP may indicate that the 
specimen used is not optimally doped; T c may increase 
by further doping. Indeed, for SmFeAsOi_ x F c , the pres- 
sure coefficient dT c /dP is approximately + 2.6 K/GPa 
at x — 0.10 with T c - 17 K, while it is approximately - 
1.44 K/GPa at x = 0.20 with T c = 49 K; a small coeffi- 
cient is observed at x = 0.15 with T c - 40 K lr26Tl . 

6. Magnetic Properties 

The temperature dependence of magnetic susceptibil- 
ity, M/H, is shown in Fig. 6 for the a- and /J-phases. 
Susceptibility at high temperatures is characterized by 
the T-linear behavior, as indicated by the broken lines. 



Such T-linear behavior is unusual; however, it is widely 
observed in the normal state of iron-based superconduc- 
tors B27I1 . Zhang et al. have shown theoretically that 
the J-linear behavior originates from short-range anti- 
ferromagnetic fluctuations [28]. The observed T-linear 
dependence indicates the existence of magnetic fluctua- 
tions in the present compounds. 

For the /3-phase, Caio(Pt3As8)(Fe2- x Pt x As2)5, we ob- 
served an anomaly in susceptibility at approximately 
120 K, as indicated by the arrow in Fig. 6. At the same 
temperature, the temperature coefficient of electrical re- 
sistivity changes from metallic behavior to a semicon- 
ducting one 11711 . This behavior is analogous to those 
reported in the under-doped Ba(Fei_ x Co x )2As2 with x 
- 0.05 II29I1 . The Hall measurements support that the 
specimen is in the under-doped regime [17]. We spec- 
ulate that antiferromagnetic ordering sets in at approx- 
imately 120 K, and superconductivity at 14 K may co- 
exist with antiferromagnetic ordering for the y6-phase, 
Caio(Pt3As8)(Fe2- x Pt < As2)5; further investigation is re- 
quired to support our hypothesis. 

7. Role of Pt substitution 



Co-doped CaFe2As2 exhibits a maximum super- 
conducting transition temperature T c — 20 K near 
the critical concentration of Co, 6% (x - 0.06), at 
which the AFM ordering is completely suppressed in 
Ca(Fei_ v Co x )2As2 iB. Ni-doped CaFe 2 As 2 exhibits 
similar behavior, while the critical concentration of Ni, 
at which the AFM phase is suppressed and supercon- 
ductivity appears, is almost half of that for Co-doped 
CaFe 2 As 2 , i.e. 3% (x = 0.03) in Ca(Fe!_ x Ni x ) 2 As2 pi . 
This leads to a naive understanding that the dependence 
of TV and T c on doping level x can be interpreted in 
terms of the difference in the number of valence elec- 
trons between the doped transition-metal element and 
FeJUIH. 

Pt and Ni are isovalent elements. Thus, we may 
naively expect that Pt doping of approximately 3% 
will be enough to suppress AFM ordering and to 
induce superconductivity in CaFe2As2 as well as in 
Caio(Pt„As8)(Fe2-JPtvAs2)5. In contradiction to this 
expectation, however, what we observed is a re- 
quirement of heavy Pt doping for superconductiv- 
ity: A doping level of 8% (x - 0.16) is not suf- 
ficient to suppress antiferromagnetic ordering in /J- 
Caio(Pt 3 As8)(Fe2- x Pt x As2)5. A doping level of 18% (x 

- 0.36) is necessary to induce superconductivity at T c 

- 38 K in a-Ca I0 (Pt4As 8 )(Fe2- x Pt v As 2 )5. Such ineffec- 
tiveness of Pt can be also seen in CaFe2As2 13411 : The 
AFM phase persists until the Pt doping level reaches its 



solubility limit at 8% (x = 0.08) in Ca(Fei_ x Pt x ) 2 As 2 . 
Superconductivity is absent in Ca(Fei_ x Pt x )2As2 up to 
x - 0.08. It is interesting to note here that an attempt to 
dope Pt beyond the solubility limit at x — 0.08 yields /?- 
Ca 10 (Pt 3 As8)(Fe2-. l Pt l As 2 )5 (x/2 = 0.08) together with 
Ca(Fei_ x Pt v )2As2 (x = 0.08). The former exhibits su- 
perconductivity at 13 K 11711 . while the latter is not 03411 . 
although the Pt content of the Fe site is almost the same 
(8%). These observations will give us an unique oppor- 
tunity to elucidate the role of chemical doping in the oc- 
currence of superconductivity in iron-based materials. 



8. Conclusions 

In this paper, we provided an overview of the crys- 
tal structures and physical properties of the newly 
discovered superconductors, quaternary iron-platinum- 
arsenides Caio(Pt4As8)(Fe2- x Pt v As2)5 (a-phase) and 
Caio(Pt3Asg)(Fe2- x Pt x As2)5 (/3-phase). The compounds 
can be characterized by the platinum-arsenide layers 
composed of As2 dimers, Pt„Ass, which alternate with 
superconducting Fe2As2 layers. The As-Fe-As bond an- 
gle of the Fe2As2 layers is close to the ideal value for 
the a-phase. This, together with the appropriate elec- 
tron doping, makes the system high-r e up to 38 K. We 
observed upper critical field H& comparable with those 
reported in BaFe2As2, negative pressure coefficient of 
T c , and normal-state magnetic susceptibility with char- 
acteristic T-linear behavior, indicative of magnetic fluc- 
tuations. The next step is to control the Pt content in 
the Fe2- x Pt x As2 layers in order to reveal the electronic 
phase diagram. Another challenge is to modify the 
Pt„As8 spacer layers to make them more insulating or 
metallic in terms of conductivity to see whether the su- 
perconducting transition temperature can be enhanced 
to higher than 38 K. 
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